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Abstract 

Four  kinds  of  anthracites  from  different  regions  were  investigated  as  anodic  materials  of  Li  ion  secondary  battery  by  varying  their 
calcination  temperatures.  Hon-gye  anthracite  calcined  at  1000-1 150  °C  showed  a  high  reversible  capacity  at  low  potential  region  of  0-0.12  V, 
which  is  typical  with  hard  carbon.  The  highest  capacity  of  370  mAh/g  was  obtained  with  the  Hon-gye  among  anthracites  calcined  at  1 100  °C. 
The  graphitization  started  with  the  anthracite  above  1600  °C  to  provide  capacity  at  ca.  0.2  V  which  reflects  the  intercalation  of  graphitic 
carbon.  The  anthracite  calcined  at  1000-1 150  °C  was  indicated  to  carry  the  largest  d0 02  and  smallest  Lc(002).  And  TEM  observation  showed 
micropores  among  the  graphite  clusters.  The  large  capacity  of  the  anthracite  as  hard  carbon  is  ascribed  to  its  many  micropores  among  the 
smallest  graphite  units  which  can  accommodate  highly  reduced  lithium  ions. 
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1.  Introduction 

Various  carbon  materials  have  been  investigated  as  the 
potential  anode  for  lithium  ion  secondary  battery  to  find  a 
higher  energy  density,  higher  efficiency  and  longer  cycle  life 
[1-15].  Non-graphitizable  carbons  attract  much  attention  as 
a  candidate  of  next  generation  among  the  carbon  materials 
because  they  provide  a  higher  discharge  capacity  near  0  V 
and  rapid  charge-discharge.  These  materials  are  distin¬ 
guished  from  the  graphitic  carbons  in  terms  of  the  lower 
degree  of  crystallinity  but  the  higher  degree  of  microporosity 
[2,3,5-10,13,16,17].  It  is  generally  accepted  that  Li+  storage 
sites  in  non-graphitizable  carbons  are  very  different  from 
those  of  graphitizable  carbons.  Several  models  of  sites  to 
explain  the  reversible  storage  sites  in  non-graphitizable 
carbons  for  lithium  such  as  pores  and  voids  among  single 
layers  or  crimped  carbon  sheets  have  been  proposed 
[5,16,18-20].  However,  it  is  a  problem  to  obtain  high  charge 
density  per  volume  of  such  carbons. 

Coals  of  various  ranks  can  provide  a  series  of  coke,  of 
which  graphitic  structure  and  properties  vary  continuously, 
reflecting  their  rank  or  softening  behaviors.  Dahn  and  co¬ 
workers  [21]  have  reported  the  anodic  behavior  of  coke 
derived  from  various  coals,  suggesting  that  the  high  volatile 
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bituminous  coal  is  most  useful  for  giving  the  best  perfor¬ 
mance  non-graphitizable  carbon  because  of  its  smallest 
fraction  of  stacked  graphene  sheets  and  the  largest  number 
of  nanoscopic  pores.  It  was  reported  that  the  coke  from  lower 
rank  coals  exhibited  a  larger  capacity  per  weight  due  to  more 
voids  among  smaller  graphene  clusters,  whereas  its  very  low 
density  due  to  its  lower  coking  value  reduced  the  capacity 
per  volume  [22],  Low  coulombic  efficiency  for  the  first  cycle 
is  another  problem.  The  pressurized  carbonization  increased 
the  reversible  capacity  per  volume,  increasing  the  density  of 
the  coke.  Higher  ranking  coals  provided  graphite-like  beha¬ 
viors  as  anodic  materials  when  heat-treated  at  higher  tem¬ 
perature.  The  density  of  the  coke  was  fairly  higher  in 
comparison  with  coke  from  lower  ranking  coals.  However, 
there  is  no  rule  of  thumb  so  far. 

Among  a  wide  range  of  coals,  anthracite  is  interesting  for 
its  abundance,  low  cost,  high  carbon  content,  non-graphitiz¬ 
able  nature,  microporous  structure  and  high  density  [23-28], 
Easy  handling  and  simple  material  preparation  make  the 
anthracite  attractive  as  a  candidate  for  the  anode.  The 
anthracite  is  known  to  behave  like  hard  carbons  by  the 
heat-treatment  below  2000  °C  and  become  soft  carbons 
above  2500  °C.  Franklin  [29]  suggested  that  most  of  the 
anthracites  show  preferred  orientation  of  their  carbon  layers 
parallel  to  the  bedding  plane  by  observing  X-ray  diffraction 
patterns.  Nevertheless,  they  are  not  graphitized  below 
2000  °C  and  show  a  similar  small  scale  porosity  as  other 
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hard  carbons  do.  Oberlin  and  Terriere  [30]  showed  by  TEM 
observation  that  flattening  of  the  pores,  which  are  not  present 
in  hard  carbons,  occurs  in  anthracites  and  that  this  flattening 
induces  a  preferred  orientation  of  the  carbon  planes  above 
1700  °C,  which  in  turn  allows  graphitization.  The  high 
ranking  of  the  anthracite  promises  a  high  coke  yield  and 
low  oxygen  contents.  Ash  minerals  in  the  anthracite  must  be 
dealt  with  since  they  reduce  the  carbon  content  and  may 
react  with  lithium. 

In  this  study,  four  kinds  of  anthracites  were  selected  to 
investigate  anodic  performances  of  their  coke  calcined  at 
various  temperatures.  Their  high  coke  yield,  high  density 
and  low  oxygen  content  are  most  attractive  for  anodic 
materials  in  addition  to  their  microporosity  without  macro¬ 
pores.  Low  oxygen  content  is  expected  to  improve  the  first 
cycle  efficiency.  Anodic  performance  of  anthracite  was 
correlated  with  its  structure  investigated  by  TEM. 


2.  Experimental 

2.1.  Materials 

Four  anthracites  from  Vietnam  (Hon-gye),  China,  South 
Korea,  and  Spain  were  used  in  the  present  study.  Their 
compositions  of  as-received  forms  are  summarized  in 
Table  1.  XRD  analyses  of  anthracites  and  their  coke  were 
carried  out  on  a  Rigaku  instrument  using  Cu  Ka  radiation,  a 
0.02°  step  size  and  27min  scan  rate.  Their  nanostructure  and 
morphology  were  examined  using  a  high  resolution  trans¬ 
mission  electron  microscope  (JEOL  JEM-2001). 

2.2.  Heat-treatment 

After  grinding  and  sieving  (<45  pm),  anthracite  coals 
were  carbonized  in  a  Pyrex  glass  tube  at  600  °C  for  1  h 
under  nitrogen  flow  at  a  heating  rate  of  1  °C/min.  The  semi¬ 
coke  was  further  calcined  at  900-1800  °C  for  1  h  under 
argon  flow  by  a  heating  rate  of  10  °C/min. 

2.3.  Cell  fabrication  and  electrochemical  measurements 

Test  electrode  was  fabricated  by  mixing  active  material 
with  10  wt.%  poly(vinylidene  fluoride)  (PVDF)  binder  in  1- 
methyl-2-pyrrolidone  (NMP)  solution.  The  slurry  was 
coated  on  copper  foil  and  then  vacuum  dried  for  6  h  at 
120  °C.  The  test  electrode  was  assembled  in  a  typical  two- 
electrode  test  cell  using  lithium  foil  as  the  counter  electrode, 

Table  1 

Elemental  analysis  of  anthracite  coals  (wt.%) 

Anthracite  Source  C  H  N  Ash 

Hon-gye  Vietnam  79.87  2.89  1.45  11.6 

Shan-xi  China  80.85  1.13  0.35  12.5 

South  Korea  South  Korea  61.61  1.15  0.36  24.6 


1  M  LiPF6  in  EC/DEC  (1:1,  v/v)  as  the  electrolyte,  and 
microporous  polypropylene  as  the  separator.  The  cell  assem¬ 
bly  was  carried  out  in  an  argon-filled  glove  box. 

Electrochemical  measurement  was  performed  using  two 
types  of  charge  and  discharge  methods.  The  first  was  a 
constant  current  method  (CC),  where  charge  and  discharge 
were  carried  out  at  a  specific  constant  current  of  10  mA/g 
between  lower  target  voltage  and  upper  cut-off  voltage  of 
2.0  V  versus  Li/Li+.  The  other  was  a  constant  current  and 
constant  voltage  charge  method,  where  the  charge  was 
carried  out  first  to  0  V  by  a  constant  current  (30  mA/g) 
and  then  held  at  0  V  for  6  h,  while  the  same  discharge 
method  (constant  current:  30  mA/g)  was  applied.  Differen¬ 
tial  capacity  plot  (dcp)  was  obtained  by  differentiating  the 
discharge  profiles. 


3.  Results 

3.1.  Structural  change  of  Hon-gye  anthracite 
by  heat-treatment 

Fig.  1  illustrates  the  weight  change  of  Hon-gye  anthracite 
and  its  first  differential  derivative  by  the  thermal  gravimetric 
analysis.  The  volatile  components  of  the  Hon-gye  anthracite 
were  largely  removed  at  400-500  °C  where  coking 
occurred.  Small  weight  loss  evolving  H2  and  CH4  continued 
above  this  temperature  range. 

Fig.  2  shows  the  change  of  H/C  ratio  and  ash  content 
according  to  HTT,  calculated  from  elemental  analyses.  The 
H/C  ratio  decreased  largely  up  to  1000  °C  and  then  slowly. 
Ash  content  decreased  from  12  to  7%  according  to  HTT. 
Anthracite  calcined  at  1000  °C  showed  ash  content  of  9% 
and  H/C  =  0.07. 

X-ray  diffraction  patterns  of  as-received  and  heat-treated 
Hon-gye  anthracites  are  illustrated  in  Fig.  3.  As-received 
coal  showed  a  rather  narrow  peak  at  29  =  25°.  The  peak  was 
broadened,  shifting  to  a  lower  angle  by  the  heat-treatment  up 
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temperatures. 


to  1000  °C.  The  peak  was  moderately  sharpened  to  1200  °C, 
maintaining  the  diffraction  angle.  Heat-treatment  above 
1600  °C  sharpened  and  shifted  the  peak  to  26.5°.  According 
to  the  XRD  patterns,  the  graphitization  started  above 
1600 °C. 

3.2.  Anodic  behaviors  of  heat-treated  Hon-gye 
anthracite 

Hon-gye  anthracite  showed  unique  discharge  profiles, 
reflecting  the  calcination  temperatures  as  shown  in  Fig.  4. 


20 


Fig.  3.  Powder  X-ray  diffraction  patterns  of  Hon-gye  anthracite. 


Three  types  of  profiles  were  observed  according  to  HTT. 
Anthracite  calcined  at  900  °C  showed  discharge  capacities 
at  ca.  0.1  V  and  at  an  increasing  potential  from  0.1  to  0.8  V, 
where  a  plateau  discharge  was  observed.  Its  total  capacity 
was  380  mAh/g  to  be  similar  to  that  of  heat-treated  at 
1100  °C,  although  their  discharge  capacities  at  the  respec¬ 
tive  potential  regions  were  very  different. 

The  profile  of  anthracite  calcined  at  1000-1150  °C  exhib¬ 
ited  a  plateau  at  ca.  0. 1  V  reflecting  deinsertion  of  lithium 
ion,  and  a  considerable  discharge  at  increasing  potential 
from  0.1  to  0.8  V,  first  slowly  and  then  sharply.  Plateau  at  ca. 
0.8  V  was  not  observed.  Capacity  increased  with  HTT  and 
reached  the  maximum  value  of  about  370  mAh/g  at  1 100  °C 
due  to  the  largest  capacity  in  a  low  potential  region 
(0-0.1  V).  The  capacity  decreased  above  1100  °C. 
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The  anthracite  calcined  at  1800  °C  showed  a  small  plateau 
at  0-0.25  V  where  the  potential  started  to  increase  slowly  as 
typical  graphite. 

Fig.  5  shows  the  collected  charge-discharge  profiles  of 
Hon-gye  anthracite  heat-treated  at  900  and  1100  °C.  Dif¬ 
ferent  charging  methods  by  constant  current  (CC)  and 
constant  current  and  constant  voltage  (CCCV)  were  com¬ 
pared.  The  anthracite  heated  at  900  °C  provided  a  discharge 
with  increasing  potential  from  0.1  to  1.25  V  by  CC  charge. 
When  CCCV  inserted  Li  ion  at  0.1-0  V,  discharge  at  0-0.1 
and  1-1.5  V  was  observed.  Such  discharge  profiles  were 
reported  characteristic  to  hard  and  soft  carbons,  respectively 
[13,16,17,31,32].  When  charged  at  0.1-0  V  by  CCCV,  the 


anthracite  calcined  at  900  °C  showed  80  mAh/g  and  that 
calcined  at  1100  °C  showed  140  mAh/g  up  to  0.1  V.  The 
anthracite  heated  at  1 100  °C  showed  a  plateau  at  0-0.1  V.  It 
showed  no  plateau  by  only  CC  charge  such  as  the  anthracite 
heated  at  900  °C. 

Fig.  6  shows  the  differential  capacity  versus  potential  of 
the  anthracite  calcined  at  900-1800  °C.  Different  discharge 
potentials  due  to  the  calcination  temperatures  were  defi¬ 
nitely  illustrated  in  this  figure.  The  anthracite  calcined  at 
900  °C  showed  peaks  at  0.05  and  1.06  V,  while  those  at 
1000-1200  °C  showed  a  single  peak  at  0.05  V.  The  anthra¬ 
cite  calcined  at  1600-1800  °C  showed  peaks  at  0.05,  0.12 
and  0.16  V. 


(a)  Potential  ( V  vs.  Li/Li+) 


Fig.  5.  Charge-discharge  profiles  of  Hon-gye,  solid  fine:  CC  (10  mA/g  charge  to  0.1  V  and  10  mA/g  discharge),  dotted  line:  CC-CV  (30  mA/g  charge  OCV- 
0  V  and  30  mA/g  discharge)  (a)  HTT  =  900  °C  (b)  HTT  =  1 100  °C. 
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Potential  (V  vs.  Li/Li+) 

Fig.  5.  ( Continued ). 


Thus,  significant  differences  of  discharge  potentials 
were  observed  over  the  anthracite  heated  at  900- 
1800  °C.  A  small  peak  at  1.06  V  which  was  observed  with 
the  anthracite  heated  at  900  °C,  disappeared  above 
1000  °C.  The  peak  located  at  0.05  V  became  markedly 
emphasized  as  the  calcination  temperature  was  raised  to 
1 100  °C.  Such  behaviors  are  typically  observed  with  a  hard 
carbon.  Calcination  at  1200  °C  reduced  the  intensity  of  the 
peak  at  0.05  V. 

The  three  continuous  peaks  of  discharge  characteristics  to 
the  staged  discharge  of  graphite  electrode  changed  their 
relative  intensities,  reflecting  the  graphitization  extent. 

Regardless  of  calcination  temperature,  Hon-gye  cokes 
retained  reversible  capacity  up  to  20  cycles,  as  shown  in 


Fig.  7.  Such  good  cycle  retention  of  the  particular  anthracite 
must  be  noted. 

3.3.  Anodic  performance  and  XRD  profiles  of  other 
anthracite  coals 

Fig.  8  shows  charge-discharge  profiles  and  differential 
peaks  of  discharge  of  several  anthracites  heated  at  1100  °C 
from  different  production  regions.  The  reversible  capacity 
increased  in  the  order  of  South  Korea,  China,  Spain  and 
Hon-gye.  Three  anthracites  calcined  at  1100  °C  showed 
similar  profiles  of  discharge  plateau  at  0.1  V,  gradual 
increase  of  discharge  potential  to  1.25  V  and  rapid  increase 
of  potential,  whereas  South  Korea  anthracite  showed  a  very 
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Potential  V  vs.  Li/Li+ 

Fig.  6.  Differential  capacity  plots  of  Hon-gye  anthracite. 


little  plateau.  Hon-gye,  China,  and  South  Korea  anthracites 
showed  86,  49  and  17  mAh/g  of  plateau  discharge,  respec¬ 
tively.  Very  large  capacity  at  this  potential  range  of  Hon-gye 
anthracite  must  be  noted. 

Fig.  9(a)  shows  the  XRD  patterns  of  as-received  Hon-gye 
and  other  anthracites.  Compared  to  Hon-gye  anthracite, 
China  and  South  Korea  anthracites  showed  many  sharp 
peaks  in  addition  to  carbon  peak,  indicating  a  quantity  of 


Potential(V  vs  Li/Li+) 

Fig.  8.  Discharge  profiles  of  various  anthracite,  CC-CV  (charge:  30  mA/g 
to  0  V  and  at  0  V  for  6  h,  discharge:  30  mA/g  to  2  V). 


minerals.  South  Korea  and  China  anthracites  were  indicated 
to  carry  Si02,  Si02  and  Illite,  respectively.  Fig.  9(b)  shows 
that  the  width  of  carbon  peaks  at  25°  increased  in  the  order  of 
China,  South  Korea,  Spain,  and  Hon-gye  anthracites  which 
were  heat-treated  at  1100  °C.  29  of  the  peaks  decreased  in 
the  order  of  China,  South  Korea,  Spain,  and  Hon-gye 
anthracites. 

3.4.  TEM  observation  of  anthracites 

Fig.  10  illustrates  TEM  images  of  Hon-gye  anthracite 
calcined  up  to  1800  °C  in  terms  of  their  stacking  layers.  As- 
received  Hon-gye  anthracite  shows  spherical  bedding  of 
aromatic  sheets.  Random  orientation  among  spheres  was 
observed  and  it  showed  basic  anisotropic  due  to  overall 
arrangement  as  reported  by  Oberlin  and  Terriere  [30], 
Carbonization  flattened  the  spheres,  indicating  growth  of 
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Fig.  9.  Powder  X-ray  diffraction  patterns  of  various  anthracites  (a)  as-received  (b)  heat-treated  at  1 100  °C. 


planes.  Large  voids  are  formed,  however,  no  microvoid  was 
observed.  Calcination  at  1050  °C  induced  microvoids 
among  microclusters  of  graphite.  Calcination  at  1800  °C 
reduced  the  numbers  of  microvoids  and  clusters  since  the 
graphitization  enlarged  the  graphene  sheets  and  their  stack¬ 


ing,  reducing  the  number  of  microclusters  to  remove  micro¬ 
voids  among  the  microclusters. 

China  anthracite  calcined  at  1100  °C  showed  a  similar 
image  (Fig.  11)  with  that  of  Hon-gye  anthracite  calcined  at 
1800  °C  (Fig.  10),  indicating  early  graphitization. 


Fig.  10.  TEM  images  of  Hon-gye  anthracite  heat-treated  at  various  temperatures  (the  first  line:  3,200,000x;  the  second  line:  their  magnified  images;  the  third 
line:  structural  models). 
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Fig.  11.  TEM  images  of  China  anthracite  heat-treated  at  1100  °C. 


4.  Discussion  and  conclusion 

This  experiment  confirmed  following  two  points  of 
anthracites,  particularly  Hon-gye  coal  as  anodic  carbon 
material  for  the  lithium  ion  secondary  battery. 

1.  Unique  carbonization  behaviors  of  anthracite  to  give 
characteristic  features  of  graphitizable,  non-graphitiz- 
able,  and  graphitic  carbons. 

2.  Anthracite  can  be  a  promising  candidate  for  anodic 
material  of  the  next  generation  in  terms  of  high  capacity 
and  rapid  charge-discharge  as  the  non-graphitic. 

The  storage  sites  of  carbons  have  been  summarized  accord¬ 
ing  to  the  extensive  studies  [13,16,17,31,32],  There  are 
five  sites: 

Site  I:  charge-discharge  at  0.12-0.8  V; 

Site  II:  charged  at  0-0.1  V  to  discharge  at  1  V; 

Site  III:  charged  at  0-0.1  V  to  discharge  at  0.1  V; 

Site  IV:  charge-discharge  at  0-0.13  V; 

Site  V:  irreversible  charging  sites. 

Site  I  is  identified  to  the  graphene  layers.  The  growth  of 
graphite  crystal  governs  the  extent  of  intercalation,  from 
higher  stage  to  the  first  stage  C6Li  through  several  stages. 
Stages  of  intercalation  are  also  governed  by  the  charge 
potential  to  show  staged  charge  and  discharge.  Thus,  such 
charge-discharge  profiles  are  characteristic  to  the  gra¬ 
phite. 

Less  uniformity  of  graphitization  provides  more  cluster  of 
different  graphite  stacking,  which  allows  a  series  of  sites  of 
charge  and  discharge  potentials.  Charge  and  discharge  at 
continuous  variation  of  potentials,  were  observed  at  0-0.1 
and  1  V,  respectively.  Thus,  site  II  is  a  group  of  storage  sites 
around  graphene  sheets  of  very  variable  stacking,  including 
their  surface. 


Site  III  stores  highly  reduced  lithium  ions  which  are 
believed  to  be  located  in  the  microvoids.  The  internal  surface 
of  microvoid  can  stabilize  such  ions  through  charge  transfer. 
A  cluster  of  lithium  ions  in  a  microvoid  allows  their 
exchange  to  share  the  stabilization. 

The  highly  reduced  lithium  ion  can  be  also  stored  at  site 
IV,  the  microvoid  surrounded  by  the  hexagonal  plane  of 
graphene,  to  be  discharged  at  0-0.13  V  probably  with  some 
chemical  change  at  the  edge.  Hence,  the  cycle  stability  is 
usually  poor. 

Site  V  stores  the  irreversible  charge,  being  observed 
basically  at  0.8  V  (site  Vi)  and  0.1  V  (site  V2)  of  charge. 
First  site  reflects  the  formation  of  solid  electrolyte  interface 
(SEI)  film  which  captures  lithium  ion  to  be  excluded  in  the 
further  electrochemical  redox.  The  second  site  is  ascribed  to 
the  reactivity  of  highly  reduced  ion  with  impurity  in  the 
carbon. 

The  anthracite  heated  at  600-900  °C  was  found  to  show 
anodic  performances  relying  upon  all  of  the  above  sites 
which  vary  their  contribution  markedly  according  to  the 
heat-treatment  temperatures.  Heating  up  to  1 100  °C  empha¬ 
sized  the  non-graphitic  natures  of  anthracite,  increasing 
markedly  discharge  at  site  III.  Graphitizable  sites  are  mini¬ 
mized  while  site  IV  disappears.  Above  1600  °C,  graphitiza¬ 
tion  started  sharply  to  emphasize  staged  charge-discharge 
which  is  characteristic  to  that  of  the  graphite.  Higher  tem¬ 
perature  of  heat-treatment  increases  the  extent  of  graphiti¬ 
zation.  Ash  minerals,  oxygen  and  some  of  graphene  edge 
may  be  site  V2.  The  latter  two  sites  can  be  removed  by  higher 
heat-treatment.  The  lowest  oxygen  content  of  anthracite 
among  the  carbon  can  be  good  news. 

Among  the  anthracites  examined  in  the  present  study, 
Hon-gye  anthracite  is  the  best  one.  Moderate  size  of  its 
graphene  clusters  and  their  deformability  may  form  by  the 
heat-treatment  and  a  number  of  micropores  surrounded  by 
small  clusters  chained  in  a  circle.  Low  content  of  ash 
minerals  which  decreases  with  HTT  probably  because  of 
decomposition  of  some  component  is  another  advantage  of 
Hon-gye.  As  a  result,  Hon-gye  calcined  at  1100  °C  showed 
the  reversible  capacity  of  200  mAh/g  at  0.3  V.  Such  a 
characteristic  performance  of  non-graphitic  carbon  must 
be  noted.  Its  high  density  of  1.43  g/cm3  is  an  advantage 
for  high  capacity  per  volume.  Optimization  of  particle  size, 
heating  conditions  to  optimize  volatilization  and  graphitiza¬ 
tion  extent,  and  removal  of  oxygen,  and  large  voids  may 
further  improve  its  performance.  Removal  of  minerals  may 
form  voids  in  the  coal  particle,  microporous  not  mesoporous 
void  being  expected  to  be  introduced.  Mesoporosity  can  be 
minimized  by  optimization  of  the  particle  size. 

In  conclusion,  the  anthracite  shows  the  reasonable  rever¬ 
sible  capacity  of  370  mAh/g,  in  addition,  its  simple  process 
to  prepare  an  active  material  and  low  cost  of  coal  are 
attractive  for  its  application  to  lithium  ion  battery.  The 
anthracite  coke  is  considered  as  one  of  the  hard  carbons 
from  view  of  the  electrochemical  behaviors.  The  anodic 
performance  of  anthracite  depends  upon  its  microstructure, 
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and  non-graphitic  alignment  of  the  smallest  hexagon  stack¬ 
ing  is  necessary  for  higher  capacity  at  low  voltage. 
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